We dope CdSe nanocrystals with Ag impurities and investigate their optical and electrical properties. Doping leads not only to dramatic changes but surprising complexity. The addition of just a few Ag atoms per nanocrystal causes a large enhancement in the fluorescence, reaching efficiencies comparable to core−shell nanocrystals. While Ag was expected to be a substitutional acceptor, nonmonotonic trends in the fluorescence and Fermi level suggest that Ag changes from an interstitial (ntype) to a substitutional (p-type) impurity with increased doping.
lectronic impurity doping is the process in which impurity atoms are intentionally added to bulk semiconductors to provide either extra electrons (n-type doping) or extra holes (ptype doping). The carriers then enable electrical transport through an otherwise poorly conducting material. Surprisingly, even after decades of research, little progress has been made on this process in colloidal quantum dots, also known as semiconductor nanocrystals. 1, 2 These materials exhibit sizedependent optical spectra, which can be useful in solar cells 3 and solid-state lighting. 4 For these applications, electrical current must be collected or injected from films of nanocrystals. Because the films are inherently insulating, the introduction of extra carriers is beneficial for enhancing conduction. For CdSe, the most studied nanocrystal system, several methods have provided the carriers, including placement of electron-donating molecules in the vicinity of the nanocrystal surface (remote doping) 5−7 and application of external electric fields (electrochemical doping). 6−9 When carriers were added, conductivity was dramatically increased. 6 In principle, it should also be possible to provide extra carriers to CdSe nanocrystals via impurity doping.
However, studies of electronic impurity doping in colloidal nanocrystals have been fairly limited. 10−24 Development has been impeded by the broader synthetic challenge of incorporating an impurity into a nanoscale particle. 25 While progress has been made with magnetic substitutional impurities in II−VI semiconductor nanocrystals, 26 these dopants (e.g., Mn and Co) are isovalent with the cations that they replace, and no additional carriers are introduced. Recently, efforts have attempted to incorporate heterovalent impurities that can provide these carriers, most notably in InAs. In Cd-doped InAs, conductivity through films was clearly affected, but the impurities were likely coating the nanocrystal surfaces. 17 In Cu-, Ag-, and Au-doped samples, shifts in the valence and conduction bands were observed through scanning tunneling microscopy on individual nanocrystals, and a simple model assuming interstitial Cu and substitutional Ag and Au was proposed. 19 However, both InAs studies 17, 19 focused on the heavily doped limit (tens to hundreds of dopants per nanocrystal). "Solotronic" behavior 27 arising from a solitary or a few electronic dopants has not been fully explored in colloidal nanocrystals. Furthermore, little work has addressed electronic impurity doping in the prototypical system, CdSe.
12, 16, 24 Here, we analyze CdSe nanocrystals that are lightly doped with Ag. Herein, we use the phrase "lightly doped" to indicate that only a few impurities are added to each nanocrystal. We note that in the language of bulk semiconductors, where the number of impurities is quoted per unit volume, the concentration of the dopants is still high. 10 Of course, studying this limit where a small number of impurities are confined in a small volume provides an additional motivation to study their physical properties.
As shown below, the results on our samples not only confirm electronic impurity doping in CdSe, but they also reveal unexpected complexity. The addition of even one impurity per nanocrystal causes a dramatic enhancement in the fluorescence efficiency. At slightly higher concentrations, a dopant-related fluorescence peak appears that dominates at cryogenic temperatures. In electrical measurements on films of Agdoped CdSe nanocrystals, we observe nonmonotonic shifts in the Fermi energy as a function of dopant concentration. We argue that all of these findings can be explained by an unexpected transition from n-to p-type doping for Ag with increasing impurity concentration.
A priori, one would expect Ag + to be a substitutional impurity, replacing Cd 2+ in the CdSe lattice. In that case, the dopant could provide an extra hole due to its deficiency in valence electrons. In other words, Ag should be an acceptor (ptype impurity). Indeed, in the previous report on Ag-doped InAs nanocrystals, all of the observed trends in the high-doping limit were rationalized by p-type doping due to the substitution of Ag + for In 3+ in the lattice. 19 Of course, as discussed further below, bulk studies have shown that impurity centers in semiconductors can be quite complex and it is difficult to predict whether Ag will be p-or n-type in either InAs or CdSe nanocrystals. Thus, experiments must be performed, particularly in nanocrystals where quantum confinement and surface effects can lead to new physics for the dopant.
To begin, we prepared lightly doped nanocrystals by adapting a standard cation-exchange procedure for nanocrystals.
28−30 Previously, it was shown that CdSe nanocrystals that were exposed to Ag cations in solution could be completely or partially converted to Ag 2 Se. However, due to the high efficiency of this exchange, it proved difficult to apply to doping at lower concentrations because the nanocrystals can quickly become heavily doped or even multiphase. To avoid this, we included trioctylphosphine as a surfactant during the exchange to mediate the incorporation. Ethanolic AgNO 3 was mixed with trioctylphosphine and added to a dispersion of preprepared CdSe nanocrystals 31 with mild heating. The resulting nanocrystals were then isolated and dispersed in toluene. Nanocrystals with less than ∼20 Ag per nanocrystal (<4% Ag to Cd) were stable for months under ambient. At higher concentrations, Ag films appeared on glass storage vials after several weeks, which has also been seen in Ag 2 Se nanocrystals. 32 One key advantage of the cation-exchange approach is that it automatically provides a control sample for determining changes due to doping. In other syntheses, where the impurities are added during the nanocrystal growth, it is challenging to prepare an undoped sample of the same size, shape, and quality. Furthermore, with cation exchange, an entire series of samples that only differ by the amount of Ag that is incorporated can be easily prepared. In Figure 1a , we plot the average number of Ag in 2.7-nm-diameter CdSe nanocrystals versus the amount of AgNO 3 in the exchange solution. To quantify Ag incorporation, we used both inductively coupled plasma optical emission spectroscopy (ICP-OES) and mass spectroscopy (ICP-MS). We observed a consistent monotonic increase in the incorporated dopant with increasing AgNO 3 . Thus, dopant concentration could be easily controlled in the lightly doped limit. Figure 1b ,c shows transmission electron micrographs of 4.7-nm-diameter CdSe nanocrystals before and after the exchange process. This doped sample has a large number (∼12) of Ag per nanocrystal. This was chosen to confirm that the particles are still highly crystalline (with no noticeable increase in stacking faults or twins) and have a size distribution that is unaltered even at this high concentration. X-ray diffraction patterns (Figure 1d ) and room-temperature absorption spectra However, dramatic changes were observed when the nanocrystal fluorescence was analyzed. Figure 2a shows room-temperature emission spectra for 3.1-nm-diameter CdSe nanocrystals dispersed in hexanes as a function of the average number of Ag per nanocrystal. To compare the data, we first matched the absorbance for all samples at the lowest-energy electronic transition by controlling the nanocrystal concentration in the dispersion. The addition of the Ag clearly enhances the fluorescence, with the maximum intensity ( Figure  2b ) peaking around 2 Ag per nanocrystal. Additional Ag then decreases the intensity from this maximum. This same trend, an enhancement of the fluorescence with the addition of a few Ag per nanocrystal and then a slow decrease at higher concentrations, was observed consistently across different samples and sizes ( Figure 2d and Figures S1−S8 in the Supporting Information). The magnitude of the initial increase depended on how much the nanocrystals had been cleaned, but we verified that the addition of trioctylphosphine alone (i.e., the replenishment of the surface ligand) could not explain the increase ( Figure S8 , Supporting Information). Furthermore, we quantified the fluorescence quantum yield for the 3.5-nmdiameter sample shown in Figure S6 (Supporting Information) and observed a jump from 14 to 27% with the addition of 1.2 Ag per nanocrystal. Note that the quantum yield of CdSe nanocrystals with ∼2 Ag atoms is comparable to that of CdSe/ ZnS core/shell nanocrystals. 33 ,34 The rise in the fluorescence intensity with the addition of a few dopants is quite unexpected. For example, it was recently reported that the fluorescence of CdSe/CdS quantum dots/ rods is quenched 100-fold with the introduction of Cu impurities. 35 To explain our enhancement, several possible mechanisms can be considered. First, each Ag atom could provide an extra carrier (either electron or hole) to one of the quantum-confined levels of the nanocrystal and enhance the radiative rate. This would be surprising because the presence of the extra carrier should cause rapid nonradiative Auger recombination, 36 which should decrease the fluorescence intensity. Nevertheless, an increase in fluorescence intensity has been observed in CdSe nanocrystals in which an extra electron was injected via electrochemical doping. 8 In that case, the increase was explained by the presence of a negatively charged exciton (or negative trion, X − ), which should have a faster radiative rate than a neutral exciton. Further, it has recently been argued that Auger recombination is much less efficient for the negative trion compared to the positive trion, 37 which in principle could rationalize why the fluorescence is not quenched with the addition of an extra carrier. This picture would then suggest that the Ag acts as a donor and provides an extra electron. However, this explanation suffers from several inconsistencies with the data. The presence of an extra electron in a quantum-confined level would induce a bleach in the lowest energy absorption feature, 6 which we do not observe (Figure 1e ). An increase of the fluorescence by a factor of ∼10 is also difficult to explain quantitatively based on the negative trion model. 38 A second explanation is that the Ag atoms passivate nonradiative traps, either by binding to the nanocrystal surface directly or by incorporating into the nanocrystal and providing extra carriers that then fill these traps. However, the data would then suggest that in all samples only ∼2 traps must be filled to have a dramatic effect. While possible, we believe this explanation is unlikely.
Rather, we propose that a third mechanism is more plausible. We must recognize that a fundamental difference exists between impurity doping and electrochemical doping. In impurity doping, one does not just add an extra carrier but also the impurity center as well. If the extra carrier fills a trap (or otherwise escapes from the nanocrystal, for example, by reducing/oxidizing some chemical species on the nanocrystal surface or in the surrounding matrix 25 ), this will leave behind an ionized impurity center in the nanocrystal. Even at one or two impurities, the electrostatic field of such centers can presumably influence the fluorescence. For example, positively charged CdSe nanocrystals have recently been invoked to explain nanocrystals with unusual brightness. 39, 40 If the Ag atoms provide extra electrons, which then leave to traps outside the nanocrystals, this would induce a positively charged impurity center, which could enhance the brightness. This would suggest that Ag is acting as an n-type donor.
In addition to the initial rise, the fluorescence spectra also reveal a weak feature on the long-wavelength side of the main "band-edge" emission peak (Figure 2c ). This weak feature appears only in the doped samples, increases in intensity with dopant concentration (Figure 2d) , and was present in all sizes of Ag-doped CdSe nanocrystals (Figures S3−S8 in the Supporting Information). However, because its intensity is 30−100 times less than the main peak, an analysis is challenging from room-temperature data. Therefore, we cast neat films of the nanocrystals on sapphire discs and acquired fluorescence spectra at 10 K. The results, shown in Figure 3a , are normalized to the intensity of the band-edge peak. The weak feature is more intense at low temperature and becomes prominent at higher doping. To resolve this feature further, we subtracted the "deep-trap" fluorescence that is present in all CdSe nanocrystals at 10 K (see the black curve for the undoped sample in Figure 3a) . The resulting spectra (Figure 3b ) show a dopant-related peak separated from the band-edge emission by a constant 294 meV.
One possible origin for this dopant-related peak is the recombination of carriers that are bound to the impurity with those that are optically excited into the lowest quantumconfined level. The separation would then be related to the binding energy of the impurity. To explore this, we measured the low-temperature fluorescence spectra for different sizes of Ag-doped CdSe nanocrystals and extracted the separation between the dopant-related peak and the band-edge emission. If the separation is due to the binding energy, its size dependence should depend on the confinement regime of the dopant. 41 If the dopant is weakly confined, its binding energy should scale as 1/R 2 , where R is the nanocrystal radius. If the dopant is strongly confined, it should go as 1/R. Assuming hydrogenic impurities, an acceptor in CdSe would have a Bohr radius of ∼0.7 nm. Thus, in our size regime, it should be weakly confined and yield a 1/R 2 size dependence. In contrast, a donor in CdSe would have a Bohr radius of ∼5.0 nm, would be strongly confined, and would lead to a 1/R dependence. Figure  3c and Figure S9 in the Supporting Information plot the data versus 1/R 2 and 1/R, respectively. Unfortunately, the data fit well to either dependence (with coefficients of determination of 0.992 and 0.997). Consequently, it is difficult to distinguish the two cases from the size dependence. However, if we extrapolate each fit to infinite size, we can estimate what each scaling would predict for the binding energy of Ag in bulk CdSe. We extract values of 180 and 83 meV, respectively. These values are much closer to what is expected 42, 43 for a hydrogenic acceptor (84 meV) than for a hydrogenic donor (13 meV) in CdSe. Thus, keeping in mind all of the assumptions in the above analysis, this defect-related peak appears to be more consistent with Ag as an acceptor. The dopant-related peak would then be explained by the recombination of photoexcited electrons with Ag-bound holes. In this case, at higher concentrations, where the dopant-related peak becomes significant, Ag is acting as a ptype dopant.
At this point, it may be helpful to summarize our interpretation of the optical data. At low doping of Ag, we argue that the impurity is an n-type dopant. Because the donor electrons are quickly trapped outside the nanocrystals, the particles become positively charged due to the ionized impurity. Without extra electrons in the conduction band states of the nanocrystals, one would not expect changes in the absorption spectra (Figure 1e) or Auger quenching. 36 At the same time, the positively charged impurity center can explain the enhanced photoluminescence. At higher doping, we argue that the Ag begins to behave as a p-type dopant. Because of the strong binding energy and localized character of a hydrogenic acceptor in CdSe, a small population of the extra holes remain bound to the impurity center even at room temperature. This gives rise to the weak dopant-related shoulder in Figure 2c when photoexcited electrons recombine with these holes. At 10 K, thermal activation is diminished, and a much larger percent of the holes remain bound, leading to the more pronounced dopant-related peak in Figure 3b .
Before discussing this further, we note that other subtle changes were observed in the fluorescence with doping ( Figure  3d ). At 10 K, the band-edge peak shifts to higher energy; its line width decreases by ∼25% with the incorporation of just 1.3 Ag per nanocrystal (0.26% Ag). While the exact origin of these effects is not yet clear, both the blue shift and line narrowing in our lightly doped samples are in contrast to observations in the heavily doped InAs nanocrystals. 19 There, room-temperature red shifts and peak broadening were explained by band tailing due to high doping. At room temperature, our samples exhibit essentially no change in peak position or line width in the lowdoping limit (<10 Ag per nanocrystal).
While the optical results clearly show that the addition of a few Ag per nanocrystal can cause large changes, our interpretation, in which Ag acts as an n-type dopant (donor) at very low concentrations and then transitions to a p-type donor (acceptor) as the number of Ag per nanocrystal is increased, is fairly speculative. If such a doping trend occurs, however, it should also affect electrical transport. Thus, we fabricated electrolyte-gated thin-film transistors to probe the conductivity of films of Ag-doped CdSe nanocrystals. Figure 4a displays a schematic cross section of the device. 44 Films of nanocrystals (∼50 nm thick) were spin-coated onto Si/SiO 2 substrates that were prepatterned with source and drain electrodes (Cr/Au). Since the as-deposited films are insulating due to the bulky ligands on the nanocrystal surfaces, we first treated the films with methanolic sodium hydroxide to remove the ligands and improve conduction. 45, 46 The resulting films are n-type even without Ag doping. Before testing the influence of Ag, we first verified that the NaOH treatment did not affect the number of Ag per nanocrystal in the films ( Figure S10 in the Supporting Information). For the gate dielectric, we employed an ion gel composed of 10 wt % triblock copolymer poly(styrene-block-methylmethacrylate-block-styrene) and 90 wt % ionic liquid 1-ethyl-3-methylimidazolium bis-(trifluoromethylsulfonyl)imide. 47 The gel was spread over the channel region of the device. On top of the ion-gel layer, a Pt foil was attached as the gate electrode and electrical measurements were performed in an evacuated probe station (∼10 −6 Torr).
Our devices also included an oxidized silver wire as a reference electrode. This can measure the potential drop across the interface between the ion gel and the nanocrystal film under gate bias. 44 Thus, the local potential in each film at which conduction turned on could be accurately determined. Because this turn-on voltage is directly related to the energy offset between the Fermi level in the film and the conducting states in the nanocrystals at zero bias (Figure 4b) , it can give very useful information about the influence of dopants. For example, Figure 4c shows measurements for transistors made from 3.6-nm-diameter CdSe nanocrystals at five different dopant concentrations. The drain current (I D ) is plotted as a function of the voltage at the reference electrode (V ref ). As in previous studies, our film of undoped CdSe nanocrystals started to conduct when the interface potential (V ref ) was biased positively. More specifically, I D increased sharply with increasing positive voltage, which indicates that the charge carriers in these films are negatively charged (i.e. electrons). More importantly, for doped films, Figure 4c shows that the turn-on voltage varies with impurity concentration (see inset). Assuming that the energy of the lowest electronic level (1S e ) of the nanocrystals does not change significantly with light doping, the shift in the turn-on voltage for different doping concentrations is then a direct observation of changes in the Fermi level (Figure 4b ). Figure 4d plots the variation in the turn-on voltage for the same 3.6-nm-diameter CdSe nanocrystals at six Ag concentrations. At low doping, we observe that the turn-on voltage is smaller than that of the undoped CdSe nanocrystals. This indicates that the Fermi level shifts closer to the lowest electronic level of the nanocrystals (Figure 4b ), which is a signature of n-type doping. (We have also recently reported a similar shift in Al-doped CdSe nanocrystals, 24 where Al is expected to be an n-type dopant.) For Ag, we see this behavior below ∼6 Ag per nanocrystal. At higher dopant concentrations, the turn-on voltage reverses direction and increases above the value for undoped nanocrystals. The Fermi level now shifts away from the lowest electronic level of the nanocrystals (Figure 4b ), which is a signature of p-type doping. Therefore, these nonmonotonic shifts in the Fermi level support the conclusions from the optical experiments. However, we note that, while the doping clearly influenced the Fermi level, it was not possible to observe any hole conduction even at our highest dopant concentrations. It is unknown whether this is due to the inherent instability of extra holes in CdSe 25 or the large excess of electrons induced by the NaOH treatment. Unfortunately, our transistors were not gateable without the NaOH treatment.
In addition to the possibility of Fermi-level shifts, it is important to consider an alternative origin for the shifts in the turn-on voltage. Namely, it is possible that Ag cations are decorating the nanocrystal surface and inducing positive local electrostatic fields. The positive external voltage that is required to turn on conduction would then be diminished, as observed in Figure 4d at low doping. In this case, the measured voltage shifts would have nothing to do with the introduction of extra carriers by the dopants. However, this model has several inconsistencies with the data. First, it is difficult to explain why the turn-on voltage reverses direction at higher dopant concentration with only a surface effect. Second, we observe enhanced conduction even without the gate. As shown in Figure S11 in the Supporting Information, the conductivity of films of doped CdSe nanocrystals increased by ∼2 orders of magnitude with the addition of ∼5 Ag/NC. These conductivity measurements were performed on films that were not exposed to NaOH, ruling out any unexpected influence of this treatment. We also confirmed by steady-state current measurements that the enhanced conduction was not due to ionic transport of Ag cations (which would be inherently limited). Rather, the data support the conclusion that the dopants are electronically active. Indeed, we observed this enhanced conductivity early in this project. However, because these measurements are quite hysteretic (see Figure S11 , Supporting Information), a detailed analysis of this effect is challenging. We therefore moved to the transistors, which allow a precise determination of the Fermi level.
Further support for our interpretation can be found in the influence of the dopant concentration on the electron mobility of the film (Figure 4e ). Mobility (μ) was estimated from the
, where L and W are the channel length and width, respectively, e is the elemental charge, and n is the electron concentration, determined as previously described. 44 Because electron mobility also varies with carrier concentration, we fixed the gate-induced carrier density (at 10 14 carriers/cm 2 ) and then compared electron mobilities for films of CdSe nanocrystals with different dopant concentrations. We observed that the electron mobility first increased at low dopant concentrations and then decreased gradually with further doping, again consistent with a transition from n-to p-type doping.
In bulk II−VI semiconductors, a silver atom can behave either as a p-type dopant 48−54 when it substitutes for the cation or as an n-type dopant 49, 50, 55, 56 when it occupies an interstitial site. In the latter case, the valence electron from the interstitial Ag atom can be directly donated to the lattice. Interestingly, Au atoms can even form interstitial donors at low doping concentrations and substitutional acceptors at higher doping concentrations. 57 A similar mechanism might be occurring for Ag in CdSe nanocrystals. At low doping concentrations, Ag atoms could act as interstitial donors. At higher concentrations, these donors could be compensated by donor−acceptor complexes, and then act as substitutional acceptors at even higher concentrations.
This mechanism could be confirmed if the local structure around the Ag dopants could be determined. In general, this is a difficult task in nanocrystals. Indeed, Mn impurities have been heavily studied, at least in part, because their local environment can be measured with electron paramagnetic resonance (EPR). 58 For other dopants, alternative techniques must be applied. 59 To address this in our system, we have begun experiments on extended X-ray absorption fine structure (EXAFS) spectroscopy to locate the Ag atoms within the CdSe lattice. Due to the low concentration of Ag, the experiments are extremely challenging. So far, our preliminary analyses for data from samples with 3.6 Ag per nanocrystal suggest only that the spectra cannot be fit with the following: (i) Ag placed in only substitutional sites of the CdSe lattice or (ii) Ag placed in a separate tetragonal phase of Ag 2 Se. The latter is observed if the cation exchange process leads to multiphase Ag 2 Se−CdSe nanocrystals. 32 In other words, the data suggests that, at low concentrations, the Ag atoms are not substitutional dopants only and they do not form a separate Ag 2 Se phase. Therefore, these preliminary findings are so far consistent with our model of having both interstitial and substitutional placement of Ag. However, further analyses and EXAFS experiments are required to determine the exact local structure of the Ag.
In combination, our optical and electrical data indicate that Ag is an electronically active impurity in CdSe nanocrystals. More generally, they suggest that, if dopants are added to nanocrystals, the creation of n-and p-type films of semiconductor nanocrystals should be attainable. Our specific observations also lead to several surprising conclusions about doped nanocrystals in the lightly doped limit. First, even the first few dopants can provide electrons that alter the electrical properties of the films. Under what conditions these are available to fill band-edge electronic states, impurity-bound states, or traps is not yet known. Second, even within a small particle, the behavior of the dopant is very complicated and does not follow simple predictions. Perhaps this should have been expected, since the dopant-site energetics can be more complicated than in the bulk material due to the proximity of the nanocrystal surface. 60 Certainly, these results show that further theoretical and experimental work is needed to understand specific dopant−semiconductor pairs in nanocrystals, both for fundamental understanding and use in applications. 
